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ZnO is a wide band gap semiconductor, and is one of the most widely investigated oxide materials due to its high electrical conductivity and its transparency. Low cost and the availability of a large area ZnO substrate, wet chemical etching, and low temperature growth also make it attractive for application to electronic devices.
1 For example, fully transparent ZnO-based thin-film transistors were fabricated on either glass or flexible substrate 2,3 and ultraviolet lightemitting diodes 4, 5 were fabricated as a result of realization of p-type ZnO doped with various elements. 6, 7 However, with ZnO, unestablished reliability and reproducibility issues remain unsolved. It has been reported that high electrical gate bias stress ͑V GS Ͼ 30 V͒ results in a shift of the threshold voltage in the transfer characteristics as a consequence of defect state creation within the ZnO channel 8 and the p-type conductivity of ZnO films are often converted to an insulating or n-type conductivity within a period of several days or months. 9, 10 Therefore, understanding the source of unintentional conductivity for undoped ZnO and type conversion of p-type ZnO is essential in order to control doping and develop reliable high-performance ZnO-based devices.
Atomic hydrogen is well known to behave as an exclusive shallow donor in bulk ZnO. 11, 12 Hydrogen is ubiquitous and can be easily incorporated in ZnO during the crystal growth. 13 The intentional hydrogen doping of ZnO by plasma irradiation and remote plasma hydrogenation was found to affect the electrical and optical properties of ZnO. 14, 15 In this study, atomic hydrogen atoms were readily incorporated into the ZnO surface region through mediation of electrical current and this greatly affected the electrical properties of ZnO. Hydrogen atoms incorporated into ZnO by electrical current were found to form hydrogen-related shallow donors, resulting in an increase of the effective carrier concentration.
The single crystalline ZnO used in this work was oxygen-terminated ZnO͑0001͒ substrate provided from CrysTec GmbH. The ZnO substrates were hydrothermally grown and showed n-type conductivity. The surface roughness measured by atomic force microscope ͑AFM͒ was typically less than 0.25 nm. The carrier concentration, mobility, and electrical conductivity of the as-received ZnO substrates were measured to be 5 ϫ 10 15 cm −3 , 124 cm 2 / V s, and 0.11 S / cm, respectively. In an effort to control the conductivity of ZnO, the ZnO substrates were thermally annealed under various annealing conditions. Before the annealing treatment, all the samples were ultrasonically degreased using trichloroethylene, acetone, methanol, and de-ionized water for 5 min at each step, followed by N 2 blowing as a cleaning process. The annealing time was 20 min, the working pressure of the annealing chamber was 7 ϫ 10 −7 Torr, and the annealing temperature was varied from 100 to 900°C to control the electrical conductivity of ZnO. The electrical properties of ZnO were characterized by Hall effect measurement with the Van der Pauw geometry using a nonalloyed Ti/ Au ͑30/ 60 nm͒ metal scheme as contact layers. Current-voltage ͑I-V͒ measurements of ZnO were carried out using a parameter analyzer ͑HP 4155A͒. The first I-V measurement was performed by applying a voltage ranging from 0 to 5 V ͑referred to here as "the first voltage sweep"͒. The I-V curves of all ZnO samples were measured again by applying a voltage in the range of from 0 to 10 V ͑referred to here as "the second voltage sweep"͒ to observe the change in the currents at given voltages. In order to obtain the depth profiles of the hydrogen atoms, a secondary ion mass spectrometry ͑SIMS͒ ͑PHI 7200 TOF-SIMS/SALI͒ was employed by using a Cs + ion beam. Figure 1 shows the carrier concentration, Hall mobility, and electrical conductivity of ZnO annealed at different temperatures. The carrier concentration and conductivity of ZnO annealed at relatively low temperatures of 100 and 300°C were almost constant, while those of ZnO annealed at 500°C were decreased, as shown in Fig. 1 nificantly removed after a short annealing at 400°C and virtually all of them evolved out of the ZnO crystal at 500°C. Therefore, the decrease in conductivity of ZnO annealed at 500°C can be attributed to the outdiffusion of hydrogen from ZnO. On the other hand, the conductivity of ZnO markedly increased when ZnO was annealed at temperatures higher than 700°C, as shown in Fig. 1 . In the high temperature annealing, oxygen atoms preferentially evaporated into ambient due to much higher vapor pressure of oxygen than that of Zn, resulting in large stoichiometric excess of Zn. 16 According to the theoretical calculation, Zn i and V O have lower formation energy than the other defects in Zn rich condition. 17 Therefore, it is believed that Zn i and V O were largely produced in ZnO annealed at high temperature above 700°C. 18, 19 It is believed that oxygen vacancies ͑V O 2+ ͒ are not a source of electrical conductivity in ZnO, since the energy state is deeply located at 1 eV below the conduction band minimum ͑CBM͒. 20, 21 For this reason, zinc interstitials ͑Zn i ͒ seem to be the main source responsible for the increase of donor concentration in ZnO annealed at temperatures above 700°C, since the Zn i is known to have a shallow energy level located at 30 meV below the CBM. The current flow of the ZnO annealed at high temperature is larger than that of ZnO annealed at low temperature at a given forward bias, as shown in Figs. 2͑a͒ and 2͑b͒ . It is noted that the current of ZnO annealed at low temperature was not increased even after the second voltage sweep as shown in Fig. 2͑a͒ . On the other hand, the current of ZnO annealed at high temperature increased after the first voltage sweep ranging from 0 to 5 V, as clearly shown in Fig. 2͑b͒ and the inset of Fig. 2͑b͒ . Figure 3 shows the relative change of the current increased by applying the first voltage sweep as a function of the electrical conductivity of ZnO. In the case of ZnO with low conductivity less than 0.2 S / cm, the current was not increased after the first voltage sweep. It is noteworthy that the electrical current of ZnO begins to increase after the first voltage sweep when the conductivity of ZnO is higher than 0.32 S / cm, as shown in the inset of Fig. 3 . The current was increased as the conductivity of ZnO increased and saturated at about 1.3I 0 .
The distribution of elements in ZnO was determined by using SIMS analysis before and after applying an electrical bias for ZnO. The ZnO annealed at 900°C was chosen for SIMS analysis, because it showed the highest I / I 0 after the voltage sweep. Figure 4 shows the SIMS depth profiles for hydrogen ͑a͒ and OH radicals ͑b͒. The distribution of hydrogen was quantified by using a hydrogen ion implanted ZnO standard, as shown in Fig. 4͑a͒ . However, the quantification of OH radical was not performed due to the difficulties in obtaining the implanted standard for OH radicals. Figure 4͑a͒ shows that the hydrogen atoms are present in the as-received ZnO at a concentration in the range of ͑2-5͒ ϫ 10 18 / cm 3 . It should be emphasized that not all of the initial hydrogen atoms are in a donor state because Hall effect measurement showed that the carrier concentration of as-received ZnO is only 5 ϫ 10 15 / cm 3 . This indicates that most of the hydrogen atoms are in an inactive state in as-received ZnO. 23 Most of the hydrogen atoms and OH radicals diffused out of ZnO at 900°C, showing hydrogen concentration of 1 ϫ 10 16 / cm 3 . After the first voltage sweep, however, hydrogen atoms and OH radicals were detected in large quantities near the surface region of ZnO. The maximum concentration of incorporated hydrogen was measured to be 6.5ϫ 10 17 / cm 3 for the first voltage-swept ZnO. The penetration depth of hydrogenrelated species was estimated to be 0.29 m. In order to confirm the current-driven hydrogen incorporation into ZnO, the ZnO subjected to the first voltage sweep was subsequently annealed at 500°C for 5 min. As shown in Fig. 4 , the hydrogen atoms were removed from ZnO ͑2 ϫ 10 16 / cm 3 ͒ and electrical current was recovered to the initial value. It was reported that ambient water molecules ͑H 2 O͒ are likely to adsorb onto the ZnO surface partially dissociating into H and OH species and transferring atomic hydrogen to surface oxygen atoms of ZnO without noticeable activation energy. 24, 25 In this study, the external electrical current seemed to accelerate the partial dissociation of H 2 O and promote the incorporation of hydrogen atoms into the subsurface of ZnO. The current-driven hydrogen mainly increased donor concentration by substituting oxygen vacancy sites such as V O 2+ produced by high temperature annealing, which normally do not act as shallow donors at room temperature, 20, 21 to form substitutional hydrogen ͑H O ͒, which is a shallow donor. 26 Another possible form of currentdriven hydrogen in ZnO is interstitial hydrogen ͑H i ͒. The formation energies of neutral hydrogen ͑H 0 ͒ and anion ͑H − ͒ in ZnO are always higher than that of cation ͑H + ͒ for any Fermi-level position. 27 Therefore, some of the current-driven hydrogen atoms diffuse into ZnO in the positive charge state of H + to form H i by making a strong bond with the anion ͑O 2− ͒ of ZnO to act as a shallow donor. 14, 28 The OH radicals observed by static SIMS in Fig. 4͑b͒ also indicate that hydrogen can locate in the interstitial sites in the voltage-swept ZnO. The formation of H-related donors resulted in an increase of the conductivity in ZnO, as shown in Fig. 2 . Our results on the current-driven hydrogen incorporation strongly suggest that ZnO is vulnerable to the hydrogen incorporation during the device operation and a careful passivation of the ZnO surface from the hydrogen incorporation during the characterization or operation of ZnO-based devices in air is required to overcome the instability and a type conversion of the ZnO layer with a subsequent degradation of ZnO-based devices.
In summary, the change of current-voltage characteristics of single crystalline ZnO by voltage sweeps has been measured as a function of the conductivity of ZnO. The electrical current of ZnO was significantly increased by voltage sweeps when the conductivity of ZnO was higher than 0.32 S / cm. A SIMS depth profiling of ZnO indicated that the applied electrical current can induce the incorporation of the hydrogen atoms down to the 0.29 m depth of ZnO, resulting in an increase of the effective carrier concentration. The I-V and SIMS measurements also suggested that the hydrogen atoms are incorporated into ZnO to form hydrogenrelated donors, such as the substitutional hydrogen bound to zinc atoms and the interstitial hydrogen bound to oxygen atoms. 
